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ABSTRACT

Using the available observations in 1699, 1&65- 66, an:i 1965, an orbit has been re-computed for periodic comet
55 P/Tempcl-Tuttle, the parent body of the 1 conidiocte-ns. 1 he comet's mot ion has been numer ically integrated
back in time for two millennia and ephcimctides compuica for cach perihelion tetumn.  Chinese observations of the
cornet in 1366 arc wellrepresented and we haveide ati fixt possible (but not definite) observations of the comet in
October 1234 and January 1035. The ) .conidm:teors have been obser ved since. A.ID. 902. Prior to the eighth
century, no Lconid meteors should have been visiblcbecause the, comet's orbit passed too far outside that of the
Earth. Using previously recorded accounts of the b conid meteor showers and storms as a guide, we have provided
predictions for the upcoming Leonid displays in Noveinber of 1996- 1999. ‘Fhe 1998 and 1999 events hold the
most promise for a 1 .conid meteor storm althoughi t 1here seems it tle likelihood that the great storms of 1833 and

1966 will be repeated in the coming yews.

INTRODUCTION

The ficld of meteor astronomy began during the spectacalar | eonid metcor shower witnessed in castern North
Amcrica during the early morning hours of Noveinber} 31832, Qbservers were stunned by a storm of meteors
with an approximate rate of 50,000 pcr how. @lenisor (Bmsted, a Yae College professor, was among the first to
note the cclestial natur ¢ of the phenomenia by phoi iy, oat the location fi om which the meteors seemed to emerge
was stationary in the neck of the constellation 1 co (Olinsted, 1834). Using historical accounts of the Leonid
showers from A.D. 902 to 1833, Hubert A. Newton (1861) established atime of 33. 25 years between major shower
events and predicted the next major | conid event would oceut in November 1866. Although it did not compare
with the great storm of 1833, the anticipated nicteor dvspliiy on November 13, 1866 was impressive with a recorded

rate of approximatcl y 5,000 meteors per hout(Olvi ¢, 1 925). 1] was also in 1866 that the parent comet of the




1 conids was discovered by Ernst W. 1.V empel at Marscille and Jlorace 1. Tuttle at Harvard. This comet’s orbit
was soon ident ificd with an orbit for the. 1 coni? ructcor patticles themselves: the connection between comets and
meteor strcam particles was made clear in thc1 £60)'s ( Yeomans, 199 1). | lowever the disappointment when the
predicted 18991 .conid meteor storm failed to raztciiali - sever ely set back the scicnee of meteor astronomy. In
1925, Charles Olivier recalled that in the face of' g1 cat public anticipation and  substantial press coverage, “the
failure of the 1.conids to return in 1899 was the v orst blow ever sufiered by astronomy in the eyes of the public”
(Olivier 1925). After disappointing displaysin 11932:and 1933, many fcared the. Leonid storms were only of
historical interest. However, the extraoidinary stonn 01 1 November 17, 1966 dramatically demonstrated that the

Leon id displays were far from dead.

The annual November 1.conid rnctcor showeis and the o casional 1 eonid metcor storms (e.g. 1833, 1966) are far
better known than is the Leonid parent body, comci 558/ 1 empel-Tuttle. Since. A 1. 902, enhanced Leonid meteor
showers have been recorded around the t imic of th: parcat comet's returns to perihelion. The parent comet itself,
however, has not been seen for morc than a fow dys at any apparition exceptin late 1865 and early 1866. The
coming perihelion return of comet Tempel -1 utile apain1ai ses the possibilit y of strong meteor displays in 1998-99
as well as a chance to observe the clusive parcitcoinct ‘1 he January 1998 perihelion return of the comet offersthe
best observing opportunity since late 1865. On Jai,.u+ry 17,1998 the comet will pass within 0.36 AU of the Earth

and less than 8 degrees from the north celestial prole 1 stould be an easy target for northern hemisphere observers.

In an earlier work, Ycornans (1981) used ) 865-66 and1965 astrometric data to compute an orbit for comet
55Pflcng~cl-Tuttle and then numerically integrated the comet’s motion back to the carly tenth century. By
comparing the orbital circumstances of the parentc ornet near the times of the obscrved Leonid displays over the
902-1969 interval, criteria were established for significant 1conid displays to occur: displays arc possible roughly
2500 days before or afier the comet reaches perihelion butonly if” the comet passes closer than 0.025 AU inside or

0.010 AU outside the Earth’'s orhit.

In the cu rent work, the comet’s orbit has becnimproved by including the 1699 data in the solution and the comet’s




motion has been numerically integrated back in timi: foriwo millennia.  Ephcinerides were computed at each of the
comet’s returns to perihelion and searches wet ¢ codncted for observed apparitions prior to 1699. | conid meteor

shower predictions have also been updated for the 1996 - 1999 penod

THE ORBIT OF Till2. PARENT COMETSAPF/ ITEMPEL-TUTTLE

Astrometric data exist for periodic comet Texnpal-'iutile firom the 1699, 1865-66, and 1965 apparitions. There is
only a single 1699 observation by Gottfiicd Kiichand o:ly thi cc useful observat ions in mid-1965. The remaining
48 observations c.over the interval from 1 dccembar 25,1845 thr ough February 9, 1866. In addition, rough Chinese
obscrvat ions were used by Kanda (1932) to detetmine arappr oximate 01 bit for the comet’ s return in 1366. In an
earlier work, Ycomans (1981) computed an o1 bit b.ised v pon the most recent two apparitions. When this orbit was
integrated back 101699, the single obscr vation of tha tyc.avindicated that a corrcetion of-17.3 days was required to
bring the computed time of perihelion passagc inte accor dance with the obser ved position. Using the 1865-66 and
1965 data, various values for the transves se nongs avitatronal paramcter (A2) as defined by Marsden et al. (1973)
were iteratively input until the orbit residuals forthesingle 1699 obser vat ion 1cached a minimum. The optimum
value for the A2 nongravitational paramcicr was-19 3> 1()-11 AU/(day)? and the mean residual for the 1865-66
and 1965 observations was a rather large. 15.4 arcscoonds. Yhere were aso systematic residual trends to onc arc

minute suggesting that the dynamica nwodcl wasnotenti 1y suceessful.

in the current work wc used the JPI. comnct and a<icr oid o1bit determination program maintained by Paul W.
Chodas since the mid 1980's. This progiamu scs & li ncarized, weighted least-squares estimation algorithm in which
observational data arc used to improve an ¢xisting o1 bit 1I'he dynamicalmodelincludes all planetary perturbations
at each time step. The numerical integrat or cinploys ayauable step, vanable order Adams method (Krogh 1972),
and the step size varies to ensure that the cstimated local velocity 1 ror at each time step isless than 10-13 AU/day.
The equations of motion include relat ivistic teimis (Sha! 1d-S 4less and Ycomans 1994) to be compatible with the
employed planetary ephemeris DE404 (Standish ¢i«11995) and the partial dei ivatives necessary for adjusting the

initial renditions arc integrated along with the comat'seqaations of’ motior,.  This program has been used to gencrate




accurate orbits for spacccrafl targets (Yecornanscial. 1wf) aswell asfor the three millennial investigation into the

motion of comet 109P/Swifi-Tuttle (Yauct d., 1991)

For comet 55P~J cmpcl-Tuttle, wc have cinployedth: 01 wwervations from 1699, 1865-66, and 1965 to obtain an
orbital solution, solving, for the orbital eleinents as wellas for the radial and transverse nongravitational parameters
(Al, A2). Except for the single observation inl 699 for v, lnch the 1esiduals were 11 .7 and 6.6', therms unweighed
residual was 3.8 arc seconds, and while the obscrvationrcsiduals were noisy, no obvious systematic residual trends
were evident.  The radial nongravitationalparaactt (A 1) is not well determined and the transverse
nongravitational parameter (A2) has a valuc within 6% of that found by Yecomans (1 1981 ). Table 1 gives the
nongravitat ional parameters and the orbital cleinents for - al the observed apparitions as well as the predicted
orbital elements for 1998. Jupiter and Sat urn aie the nor pat tutbing bodies for comet Tecmpel-Tuttle; Table 2

notes the times and minimum separation distances whan thic comet passed withinl AU of these plancts.

The considerable improvement over the. orbit publiched by Yeomans (198 1) results from including nongravitational
parameters in the orbital solution. in the previous work, vaiious test values of the transversc nongravitational
parameter (A2) were input and solutions were niaddfor the six o1 bital elements until the 1699 observation could be
represented approximately. Because they did notcmploynongiavit ational effects and used onl y observations from

the two most recent apparitions, the 1998 perihclion passage time given by Marsden and Williams (1995) is 0.52

days earlier than the result given here.

In an effort to determing if there were any carlici ©iszova i ions of cornet Tempel-Tuttle, the orbital solution given in
Table 1 was numerically integrated backwardin tiine forwo milleninia. 1'he computed time of perihelion passage
in 1366 is within 0.14 days of the value. determinedby Kanda (1932) using the 1366 observations alone. The
success with which the orbital extrapolation mafchi:dthe observed 1366 perihelion passage time, coupled with the
knowledge that no major planctary perturbations t ook plice (see T “able 2), gives us confidence in the accuracy of
the 2,000 year integration. Using software developed toimvestigate close Earth approaches of comets and asteroids

(Yecomans and Chodas 1994), wo also kept track of the positional unca taintics associated with each planctary




encounter. Each time the comet passed close to a jrerturts ing planct, the minimum separation distance and the threc-
sigma uncertaint y associated with this distance wacoutput  Inour backward integr ation, it was not until the second
century A .D. that these 3-sigma uncet taintics zpp roaxched the values of the close approach distances themsclves.
Figurel presents the orbital characteristics forcomei *1 ‘e | npel-"Tuttle. Ephemer ides were computed for a number of
potential apparitions and searches into the. lites ature were then undertaken to determine whether early apparitions of
the cornet were reccorded. W ¢ assumcd that the conct's appar ent magnitude can be represented using the

expression:

m = 9.0-15 log (d) + 20 log (r)

where d and r arc the gcocentric and heliocent i ic di stance~ in AU's. This expression, which was taken from a data
tape provided by the Minor Planct Center, gives a fiirigresentation of the comet's reported behavior in 1866. To
facilitate the search for earlier apparitions, we have nuadc the crude assumpt ion that the comet's intrinsic brightness
has remained relatively constant over twomillciwda  InFipute 2, we have plotted the minimum geocentric  distance
and brightest apparent magnitude for each of 1l i comcl'sieturns sitwee A .11.17. At least since 1366, the comet has
been intrinsically y faint and achicved naked eye. visib,ility only for afew days when it approached very close (< 0.1
AU) to the Earth. Stephenson and Y au ()985) nofcd that the active comet 1 Jalley dots not reach obvious naked-eye
visibility until its apparent magnitude is between 3.5 and 40 while Yau et a. (1994) pointed out that the less active
comet 109P/Swifl-Tuttle reached naked eye visithility 01 1lv when its apparent maguitude was brighter than 3.4. As
is evident from Figure 2, cornet Tempel-Tutilc might have reached amagnitude brighter than 3.4 in 1699, 1366,

1234, 901, and 17. Identified observations have beco reco: ded only in 1699 and 1366,

A possible early sighting of comet Tempel-Tutilc concersrisaguest star recorded by Japanese observers on 1234
Oct. 30 (1 10 Peng Yoke, 1962). At this tine, comet Yerpel-Tutile came within 0.1 AU of the Earth with a solar
clongat ion angle of about 75 degrees. For Japancse obiservers, it should have. been a naked-cyc object in the
northeast morning sky. Despite these favor able cit comsiances, no records of this comet were located in either

Chinese or Korean historical texts. Only a brie-f sighting concerning a guest stat observed on October 30, 1234,




was found in a Japanese work. Under 1234 ()ciobz 30, 8 listing by Kanda (1935) included arcport extracted from
Borusho (a work compiled around AD 1260, whichre: ords the activitics of the imperial court during the period
from AD 967 to 1259). The Japanese record siates that “On the seventh day, day jen-shen (of the 60-day cycle) in
the tenth month of the first ycar of the Burayakurcign-jcriod c 1 234 October 30), a guest star appeared, but the
astronomers did not see it. A court official's davghter-i 1. Jaw saw it . Despite the brevity of the Japanese account
and Hascgawa's (1980) dismissal of this sight g, (hi< Japancse obscrvation duting, the few days during which the

comet would have achicved naked-cyc brightuess sugeesi« that this might have been an observation of the comet.

There is also a possibility that the Chinese obscrved the comet on January 15, 103S. According to Ho Peng Y oke
(1962), the Chinese noted that a star appcarcd ainight at the Wai-Phing asterism (in Pisces) and that it had
vaporous rays. At the time, comet Tcmpc] - Tutilcwoo Id bave been in Pisces at distances of 1.33 and 0.96 AU from
the Earth and sun respectively and at a solar clongation of 46 degrees.  However, if the comet had the same
outgassing characterist ics as it has had more s ccently, it would ha ve been several magnitudes fainter than a naked
eye object. Conceivably, the comet may have unidirgone astrong outburst at that time, raising its brightness
considerabl y. Either comet Tcmpcl-Tuttle was anci slou sly biight in January 1035 or it was not the comet noted
by the Chinese in that year. Wc could locate no 101 ser vations of” the comet during, its close Earth approach on
October 12,901 despite the fact that the cometrcached ite ¢l osest Barth approach (0.008 AU) within a few days of
a ncw moon, For Chinese observers, the conict should h=ve been an c-my naked-cyc object in the eastern morning

sky. In summary, wc cannot claim that cotmct ‘1 co el Tultic was definitely obser ved prior to 1366.

THE LEONID METEOR SHOWERS AND STORMS

Although there are no definitive observations of comet’lempel-Tutile prior to J 366, the. comet's debris has been
observable since at least A.D. 902. Enhanced 1icteor displays were recor ded on several dates since 902 and major
Leonid meteor storms were often recorded as well {c g, 934,123%, 1566, 1833, and 1966). Twentieth century
observations of the Leonids suggest that the nos malobserved rate., adjusted to the zenith, is about 15 per hour.

However, during the fcw years before or aficithe pa eni comet’s return to perihelion, the Leonids can produce




extiaordinary storms of several thousand 1acteors prthour,  Comet Tempel-Tut tle passes close to the Earth's orbit
at its descending node. Using the 200 0-year biach wardh ntegeation of come.t Tempel-Tuttle, we have computed the
diffcrences between the Earth’s heliocentiic distance sl the time of the cornet’s nodal passage and the comet’s
heliocentric distance as it passed through its descondingnode. 1 hese distance differences arc plotted in Figure 3.
The comet can pass within 1 -2 AU of Jupitc: @nd Saturn (see Table 2) and it is primarily these planetary
perturbations that alter the comet’s nodal distance frommone ret vrn to the next. 11 is evident that no Leonid meteor
showers could have been observed prior to the cightti century because the parent comet passed through its
descending node well outside the Earth's or-hi (. Radiar ion pressure would be expected to push the small dust
particles back behind the comet and outside its o1 i it so that major Leonid metcor storms arc most likely when the
Earth trails the comet to, and passes just outside of, thccomet's descendmg node. For example, the great 1.conid
storms of 1833 and 1966 occurred becauvse thebarihiiol lowed the comet to its descending node and passed just
outside this point by 0.0012 and 0.0031 Allrcspoctively.  Fipure 3 clearly shows why such impressive meteor
storms were seen in 1833 and 1966 and why thc 1829 . 1901 events were so disappointing,

What can be said about the likelihood of & signi f icant imetcor shower or storm in 1998 or 19997 In 1998-
99, the Earth will pass nearly three times as fa: fion 1 the comet's orbital path as it did in 1966 and more than six
times further than it did during the greatstormof1£33  The 1998-99 circumstances arc most like those for the
1866-68 and 1931-32 returns. For the formet poriod, hoarly rates of up to 5,000 were reported while in the latter
period, about 200 was the maximum repos ted1#i¢ - J3y Simulating part icle ¢jections from the parent comet in the
previous two perihelion returns, Wu and Williams (1 1996) predict that while the. 1999 shower will be unimpressive,
the 1998 shower may be similar to those scon in 1899 or1 932, While it does not seem too likely that there will be a
major Leonid storm in either 1998 or 1999, the possibility cannot be ruled out.  Significant displays should be
looked for in both years. Table 3 gives the predicie. 1 tune< in cach year when the Earth passes through the comet’s
orbital planc. ‘1'able 2 lists the comet's close appr oaches to its primary perturbers, Jupiter and Saturn, The most
recent significant comctary perturbation wasinl 737 <o that particles relcased from the parent comet subsequent to
this date would be relatively unaffected by dificrcatind prlao wiary periurbations.

In January 1866, comet Tempel-Tuttic was the second comet to be obscrved spectroscopically (F lugging

1866: Sccchi 1866). Both continuum radiation and the (5 Swan bands were observed (though not recognized as




such at thetime). These crude observations weremade IF wre than 130 years agoe and thin-e were no observations of

this comet's physical behavior at its next obscivedcturnin 1965. As aresult, ver y little can be inferred concerning
its dust production rates at any time in the past “Ihc extraordinary Leonid storm of 1966 suggests that, despite the
unimpressive past apparitions of the comct, ii i\ st+ | | Jostiig substantial amounts of’ dust. Because of solar radiation
pressure. and planctary perturbations, the 1.conid mciuorst ream particles most distant from the parent cornet will
have the largest deviat ions from the parent cor 1 act's oibit As aresult, the predicted times of the 1996-97 shower
maxima givenin I’able 3 could be in crror by seviralhours.  If history is any guide, even the predictions in 1998
and 1999 could be in error by afcw hours (Kresal 1993); Brown and Jones (1 992) and Jenniskens (1996) provide
shower maxima predictions that arc slight 1y carlici @ nd significant | y later than those provided here.  The
approximate right ascension and declination of' t ¢ radiant point (12.000) are 153.6 and +21.8 degrees respectively
and moonlight should be a problem only it1 1997 Metco:obscr vers at various Jongitudes arc advised to coordinate
observing programs so that observations of & 1ar kv ¢:d i teor rate increase could be tranismit ted to aid subsequent
observat ions by others in more westerly location« | ‘he Inter national Leonid Watch program is one such
coordination effort (Brown 1991). Howcveruncetaint el conid events may be in 1998 and 1999, they arc well
worth art observational effort. From Figure 3, we note that because of planetary perturbations, it will be another

century after the 1998-99 events before significant} coni:i meteor displays are likel y once again.
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Figures

Tables

Orbital Diagram, in ecliptic plane. projection, for Comet P/1'empe) -Tuttle. Planctary positions arc given for

the time of the cornet’s 1998 perihelion passape (1998 Feb. 28). The inncimost orbit is that of the Earth.
The minimum geocentric distance and the predicicd brightest magnitudes arc plotted for each return of
comet P/Teng~cl-Tuttle over a period of tw. 0 milleania. Foreach apparition, the plotted apparent
magnitude represents the brightest valuc ac hicved when the comet’ s solar clongat ion angle islarger than 40

degrees. The horizontal dashed linc1epresents the approximate naked-eye limit for an active periodic

comet

Minimum Distances Between Conict and Farth O bits at the Time of Comet's Nodal Crossing

Orbital elements and nongravitational pata meiers for P/ Veipel-Tuttle

Minimum separation distances and times for conet's approaches to within 1AU of Jupiter and

Saturn

Predicted Leonid Meteor Shower Chrcurnsiances
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Table 1. Orbital elements for P/Tempel-Tuttle. These orbital elements are referred to the ecliptic and J2000 equinox
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Table 2. Minimum separation (All) distxnices and t ines for comet's approaches to within 1 AU of Jupiter

and Saturn

Date Jupiter Satuwn
48 April 0.81

344 June 0.54

570  Mar. 0.54

700  Oct. 0.88

864 June 0.7¢
866  Sep. 0.52

1068 Jan. 0.86

1099 July 0.57
1630 Mar. 0.34
1732 July 0.83

Table 3. Predicted Leonid Shower Circumistances. Although enhanced meteor shower activity is likely in 1996 and

1997, a meteor storm is most likely in 1998 and/cil 999.

Earth passes through comet's Earth foHows (+)

orbit plane 01 leagds () comci Mom’s age Representative

Date (UTC) HH:MM (days) (days) obsct ving Sites

1996 Nov.17 7:20 -473 6 Fastern U.S.

1997 Nov. 17 13:34 -108 17 Western U. S., Hawali
1998 Nov. 17 19:43 +25% 28 Japan, Asia

1999 Nov.18 1:48 +623% 9 Furope, North Africa




